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Abstract 
Ultrasonic techniques have become developed and are widely used in many various fields of engineering and basic 
science. The development and optimization of industrial food processes requires a modern rapid non-destructive 
measuring technique for giving information about the useful fundamental and empirical properties of the product. 
This information provide better understanding of the processes that will consistently ensure a predefined quality at 
the end of manufacturing process therefore, led the industry to improve their conformity with manufacturing 
regulation. In this work, the developed non-invasive system showed the possibility of calculating the solid/non-solid 
density of dough, void fraction and complex moduli in dough, based on a two layer neural network that combine the 
acoustics impedance and energy of an ultrasonic signals passing through the dough specimens. A system of a low 
frequency ultrasound sensor devoted to this study for characterization of wheat flour–water system.  The ultrasonic 
velocity measurements and attenuation was linearly related to the water contents of the tested dough samples. Several 
numerical models were constructed to test and validate the ultrasonic-velocity measurement system. The test and 
validation showed agreements with the achieved results with 1.88 %.maximum error in the ultrasonic-velocity.  
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1.Introduction 
The state of art provide evidence that ultrasonic technique is a promising technique in the field of Food 
Process analytical technology, where the manufacturing process of food products, such as dough-bread 
production, is highly dynamic and strongly competitive in considerations of industry, 
Nevertheless there is still need to develop new techniques that can perform and produce wheat flour 
having consistent and suitable properties for specific end uses. The conventional methods for assessing 
the flour quality are too slow and offline e.g. Farinograph (determining the water absorption and mixing 
characteristics of wheat and rye flour), Extensorgragh (determining the resistance to extension and the 
extensibility), Alveogragh (enables determination of the tenacity, extensibility, elasticity and baking 
strength of flour), Mentioned offline evaluation techniques were conventionally used to estimate 
Manufacturing viscoelastic  properties of dough, which are of great interest to producers, such as: 
Hardness, Brittleness, Factorability, Adhesiveness, Elasticity, Bloom Strength. Yield stress, kinetic 
properties, complex viscosity, modulus, creep, and recovery. Additionally, the repeatability of 
conventional dough evaluation instruments is a very important issue, which has always questioned results 
obtained using such instruments. 
In dough industry, using ultrasound to measure physical quantities is not a new technology it has been 
used to evaluate physical properties using high frequency 2-10 MHz, low power transducers [1,3] for 
food research showing that the ultrasonic techniques can be used to measure those changes in the 
physical, properties of dough which relate to baking quality [4,5] 
Comparisons have been addressed in the literature by evaluating the Rheological properties of 
viscoelastic dough depending on the storage and loss moduli of the ultrasonic frequencies and comparing 
the ultrasonic results with the traditional rheometer [6] 
Letang [7] investigated the acoustic properties of water-flour system as a function of water content, 
experiments were performed with a reflectance technique measuring the acoustic impedance of dough, 
the velocity of propagation, attenuation and viscoelastic modulus. As well it has been used for both 
compression, and shear ultrasonic waves for dough of different water content.  
Processing parameters were examined [8] such as: the effect of mixing time, mixing power and rest 
time on the rheological characteristic of wheat flour-water system. Research groups Salazar [9, 10, and 
11] reported the capability of ultrasound measurements in dough shows an alternative method to identify 
types of flour for different purposes. In conclusion from the stand of art the doors are open for further 
development of ultrasound in dough online analysis, for example in the dough density estimation. 
 
Nomenclature 
 
U Ultrasonic velocity (speed of sound) [m/s]   
h  thickness of the dough sample [m] 
 Time which the ultrasound signal take through the system setup without any dough sample present [ns.] 
t1st arrival      First time which the signal appears after it goes through the dough sample [ns.] 
tsample       Time at which the wave propagates through the sample [ns.] 
ȡ            density [kg/m3] 
E*           complex modulus 
Ec            storage modulus 
Es            loss modulus 
D             Attenuation Coefficient [Np/m] 
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Ȧ             Angular frequency , Ȧ=2Sf  
k             Wave number , k=2S/O 
 r              reflection coefficient 
R             reflectivity 
 Z            acoustic impedance 
m             slope 
X             air fraction 
M            the mass of the sample (kg) 
V             the volume (m3) 
2.Materials & Methods  
For this work non-fermenting dough was used consisting of water & flour. The three types of wheat 
flour were used: cake wheat flour (405), all-purpose wheat flour (550) and darker colored bread wheat 
flour (1050). 
Table 1. The difference between the three types of flours mainly implies in the protein and mineral content. 
Mineral contents % Protein% Wheat flour type 
  Use German 
~0.4 ~9 pastry flour 405 
~0.55 ~11 all-purpose flour 550 
~1 ~15 first clear flour darker colour bread 1050 
 
All the experiments were performed at room temperature (25±2 c°) the mixing of the flour with the 
different water contents operated in the Mixograph and the mixing time chosen were 5 minutes for all the 
dough types. The experiments were repeated several times to ensure the repeatability, which is not 
achievable in the classical dough evaluation tools 
2.1.Experimental Setup 
A setup was designed for testing and calibrating the method, which enabled the flexible fixing of the 
sensors and dough under a simple construction. The ultrasonic signal has been measured using the 
transmission mode. Thereby, two transducers are used one as sender and the other as receiver, one of 
them is excited with a Dirac pulse function of high energy amplitude to penetrate the highly viscoelastic 
dough. 
Mutually the transducers are connected to the developed data acquisition box with a fast 
microcontroller to enable the fast data analysis and acquisition as mentioned earlier (sampling time Ts= 
40 ns). An in-house built hardware & software for the microcontroller which enables the online filtering 
and analysis of the data is used, all in all to enable the fast real time analysis of the dough, as seen in 
Figure 1. 
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Fig. 1. Experimental process unit for dough analysis. 
2.2.Compressibility experiment 
Additionally experiments were held using a conventional texture analyzer (winopal TA.XT2©) for the 
Evaluation of dough solid density, dough without any air. The specimen dough is subjected to a 
controlled force from which a deformation curve of its response is generated. The unit was used in order 
to get the density without any air and the max compressibility in each flour type. This was achieved by 
subjecting the dough samples to a continuous force feed and measuring the volume response. 
3.Physical Properties Calculation 
3.1.Ultrasonic speed calculation (USV) 
To determine the speed of sound, which is the 
rate at which the wave propagates through the 
sample, (tsample) this can be determined by 
transmitting the ultrasound signal through the 
system setup without any dough sample present, 
and then the first arrival time while the sample is 
inserted, as explained in Figure 2.  
 
 
 
 
Fig. 2 .Schematic diagram of the methodology used for 
predicting time phase of the ultrasonic signal as it penetrates 
a sample 
 
(2) 
(1)
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For the speed of sound measurements, the ultrasonic signal has been measured using the transmission 
mode. Thereby, two transducers are used: one as a sender and the other as a receiver, one of them is 
excited with a Dirac pulse function of high energy amplitude to penetrate the highly viscoelastic dough. 
In case of the viscoelastic material such as dough, the ultrasonic velocity is depending on the complex 
modulus including the Hookean Material constants and the dough density; For compressional waves the 
loss modulus takes the form, K* +4/3 G*  where K* is the complex bulk modulus and G* is the complex 
shear modulus. As the following relation provides: 
    (3)
Viscoelasticity is generally present in materials that dissipate mechanical energy when subjected to 
stress and strain. In the time domain, viscoelastic materials, such as dough, creep or relax and the 
mechanical loads decay and disperse. In general for such materials, the Young’s modulus of elasticity 
could be considered as a complex modulus E* summing up Loss and Storage modulus 
        
  (4)
3.2.Acoustic impedance (Z) 
Acoustic impedance is the ratio of acoustic pressure P to acoustic volume flow V. defining 
Z   = P/V.  Usually varies strongly when you change the frequency. The impedance of medium, in this 
case dough specimen, describes a measure of the loss of the transmitted signal in a certain material. The 
loss is divided into two parts: 1.    Reflectivity   2.   Transmitivity 
Both parts force the signal to decay exponentially 
 
 
 
With density ȡ and sound velocity u at one temperature in the far field of a sound source it can be 
calculated with Z=ȡ.u When ȡ and u are unknown Zsample at an interface can be obtained via reflection 
coefficient r and reference impedance Zrefrence. The acoustic impedence could be calculated by the 
following sequence: 
 
 
Fig. 3. Flow chart for the acoustic impedance algorithm 
(5) 
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3.3.Solid density (ȡsolid) and air fraction (X): 
Aeration provides small bubbles during mixing which act as nucleation position for CO2-diffusion and 
bubble growth– without nucleation points loss of CO2, Two aspects of dough aeration are important: 
Bubble size distribution and Volume amount of air. Assuming that the dough initially contains a 
volume fraction (X) of air plus a volume fraction of solid phase (1-X). 
 
(6) 
The dough mixing process inevitably entrains air and the magnitude of the dough compressibility is 
clearly not constant and depends on the pressure acting on the dough. As mentioned, experiments have 
been done to calculate the density without any air of the dough in the three types of flour using Texture 
analyser and compared with density estimated by ultrasonic experiments for validation purposes.  
The non-solid density of the dough specimen without compression is defined as: 
 
(7)
3.4.Neural Network techniques 
A feed-forward two-layer perceptron ANN 
(Figure 4) has been designed based on the back 
propagation algorithm to develop a pattern 
recognition method using different temporal and 
spectral parameters of the acoustic signals to 
estimate the non-solid dough density. The input 
layer is made of five neurons for the acoustic 
parameters which are Zero crossing rate, temporal 
crest factor , spectral decrease , spectral crest 
factor and water content 
 While the output layer contains one neuron for 
the density prediction, The implemented back 
propagation algorithm tries to minimize the 
network error by modifying the density weights, 
Iterations on type and order of the transfer 
functions have been applied and the best results 
were obtained when LOGSIG function (Eq. (8)) 
was used for the input layer, and purelin function 
was used for the output layer. 
 
1
1 exp( )
a
n
 
 
  (8) 
4.Results & Discussion 
4.1.Solid Density result 
The experimental solid density of dough is obtained, by pressurising the specimen until the 
compressibility limit is reached, the result were obtained using a texture analyzer for the three types of 
flour with the dough sample containing 58.4% of water.  Water content variations effect on the values 
 
Fig. 4. Neural Network model based on chosen acoustic 
parameters and water content 
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reported is irrelevant; as no clear deviations were spotted for the studied water contents range (48% to 
60%) [12]. The different values for each type is depending on the mineral contents which were 
concentrated in the wheat’s aleurone , that’s why flour type 405 which has the lower mineral content is 
considerable as the finer flour , and has the highest density (table 2). 
Table 2. Solid density calculated from texture anaylzer measurements. 
Type 405 550 1050 
ȡ[Kg/m3] 1411.13 1360.98 1302.99 
4.2.Ultrasonic experiments results  
The variation of the ultrasonic velocity with the water contents in the three type of flour was as well 
investigated, Figure 5. The plot shows that the y-intercept between the three types of the flour (405, 550, 
and 1050) is dependent on the percentage of the mineral content which is commonly used as quality index 
for flour.  
Form the results it could be seen that for 
mineral content ~0.4% the speed of sound 
ranges from 2272.73 to 1785.7 m/s, for mineral 
content ~0.55% the speed of sound ranges from 
2083.33 to 1666.67 m/s, and for mineral 
content ~1% the speed of sound ranges 1919.4 
to 1333.3 m/s. Therefore it could be stated that 
flour with least mineral has highest ultrasonic 
velocity. 
Table 3. The max Error and average S.D between the 
ultrasonic velocity experimented and the theoretical 
velocity calculation 
Type Maximum Error % 
405 0.64 
550 1.08 
1050 1.88 
 
4.3.Acoustic Impedance Experimentation Results 
The wave signal was found to be sensitive to the air contents in the dough sample. Indicating that 
resonance absorption of the air bubbles interfering with transmittance of the compression waves, this is 
the principal expected phenomenon. The presence of air bubbles in the field of a pressure signal has two 
major shortcomings, weaker amplitude transmittance and wave dissipation. 
Table 4. Solid density calculated from acoustic impedance measurements. 
Type 405 550 1050 
ȡSolid[Kg/m3] 1453.22 1380.20 1294.68 
 
 
 
 
 
Fig.5. Both experimental and numerical investigations of 
Flour/Water content are seen taking similar trends with a limited 
standard deviation 
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The following table is comparison between the solid density between the texture anaylzer experiments 
and the acoustic impedance experiments showing 3%   maximum error in flour type 405 , 1.5% in flour 
type 550 and 0.65% in flour type 1050. 
Table 5. Max error % between the texture anaylzer measurements and acoustic impedance measurements 
Type  405 550 1050 
Max Error % 3 1.5 0.65 
  
4.4.Complex Moduli Results 
The total complex moduli were 
calculated with respect to different 
water contents and are reported in 
figure 6. All flour types show a 
general decrease with the water 
contents, this due to the fact that the 
water acts as a low viscosity lubricant 
in the dough matrix. Confirming to the 
literature (Lee, 1992) the higher the 
flour quality the lower complex 
modulus it exhibits. Meaning type 
1050 has a lower modulus thank 550 
which is lower than type 450. As 
mentioned earlier the gluten protein 
matrix is the predominant factor 
defining the viscoelastic properties of the flour. 
Using equations (4) the viscous (E’’), elastic (E’) components and their ratio are calculated; under the 
assumption of single phase viscoelastic materials as mentioned early. Substituting the ultrasonic data for 
the velocity and the attenuation coefficient, along with the measured density enabled the calculation of 
the complex longitudinal moduli components over the entire range of water contents for the different 
flour types, as seen in figures 7 and 8. 
 
  
Fig.7. Loss (viscous) moduli plotted with varying water 
contents and for different flour types, showing high reduction 
rates almost reaching half of its original value. 
Fig. 8. Storage (elastic) moduli decreasing with varying water 
contents and for different flour types, 
 
Fig. 6. Complex moduli plotted with varying water contents and for 
different flour types, showing a negative gradient. 
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Both moduli show a considerable decrease as the water contents increases. But the viscous moduli 
present a higher decrease almost to half its value; this is due to the fact that the water acts as a low 
viscosity lubricant in the dough matrix.  
4.5.Density prediction  
The neural network was 
designed to predict the 
density value through 
nominated features of the 
ultrasound signals in dough 
samples in figure 4. 
In figure (9) show the 
correlation factor of the 
artificial neural network 
model for prediction the 
density of dough with 13%, 
which is showing a 
reasonable trend but further 
investigation should be 
made to enhance the 
correlation. 
 
4.6.Void Fraction of Air Experimentation Results 
The Void fraction can be measured by changes of material properties owing to the Presence or absence 
of the gas using equation (6). 
 
 
Fig.10. Results of the void fraction calculation using ultrasonic measurements for the three flour types. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
Fig.9. Correlation factor in the neural network model in density prediction 
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5.Conclusions 
In this work It has been shown that the ultrasonic approach is sensitive to the flour type (different ash 
and protein contents) and to the water contents; Flour with least mineral content has highest ultrasonic 
velocity, decreases with rising water content, decreasing  protein content, and ash content (mineral 
content). 
The ultrasonic approach is able to clarify the flour type and the amount of the water content with 
specific proprieties of velocity, acoustic impedance and density, the ultrasonic approach based on non-
contact, on line, a non-destructive, rapid and low cost technique method which is especially attractive to 
the food industry for quality assurance and process control.  
Experimental and numerical intelligence methods (Neural network) where implemented on the 
acoustic properties to predict a reasonable value for solid/non-solid dough density with maximum error 
13% 
Although the results have exemplified the ultrasound approach for determination of the flour quality 
but more work needs to be done to enhance the non-solid density correlation, by means of enhancing 
chosen acoustic parameters. 
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